Background-The potential of multislice CT (MSCT) to predict coronary spasm has not been elucidated. The aim of this study was to investigate whether the morphological features observed on MSCT at the site of ergonovine-induced epicardial spasm could be used as diagnostic criteria for coronary spasm.
C oronary artery spasm has been shown to play an important role in the pathogenesis of not only variant angina pectoris, but also various types of ischemic heart disease, including acute myocardial infarction and sudden cardiac death. [1] [2] [3] [4] For the diagnosis of definite coronary artery spasm, provocation testing using ergonovine or acetylcholine has been shown to be a useful examination. However, these provocation tests are invasive and, thus, involve some risk because of the possibility of induction of severe myocardial ischemia or life-threatening arrhythmia. 5 Therefore, a less-invasive diagnostic method is needed to predict coronary spasm and to select candidates for antianginal treatment, provocation testing, or both.
Clinical Perspective on p 232
Recently, multislice CT (MSCT) has been widely used as a less-invasive imaging technique for the evaluation of coronary artery disease, including coronary artery stenosis 6 and coronary plaque characteristics. 7, 8 It is not known, however, whether the imaging characteristics obtained by MSCT can be used to predict coronary artery spasm because pub-lished data on MSCT pertaining to coronary spasm are scarce. Thus, the aim of the present study was to clarify the morphological features of the vascular wall at the site of ergonovine-induced coronary artery spasm and to assess the usefulness of MSCT in predicting coronary spasm.
Methods

Study Population
Between January 2006 and December 2009, invasive coronary angiography (CAG) was performed in 10 658 patients for the evaluation of coronary artery disease in our institution. Of these, 1815 patients with clinically suspected stable angina pectoris without acute coronary syndrome, history of percutaneous coronary intervention, or coronary artery bypass graft surgery and with no significant stenosis (Ͼ75% diameter by visual estimate) in CAG were followed by ergonovine provocative test immediately after CAG for the diagnosis of epicardial coronary spastic angina. Retrospective analysis revealed that 209 of the 1815 patients underwent MSCT within 30 days before CAG and were chosen as the study population. Of these 209 patients, MSCTs were not evaluable in 10 because of insufficient image quality due to motion artifact, severe calcification, or other reasons. Finally, CT images of 199 patients were retrospectively analyzed, with the observers blinded to the results of ergonovine provocative testing ( Figure 1 ). Of the 199 patients, 133 with angina only at rest did not undergo a noninvasive test for myocardial ischemia, whereas the remaining 66 patients with angina at rest and on effort underwent a treadmill exercise test, resulting in 43 negative and 23 inconclusive findings. Although rest angina is the important classical feature of coronary spastic angina, some patients with vasospastic angina have typical symptoms of angina pectoris that occur exclusively during physical exercise. 9 To avoid missing these patients, the patients with angina on effort were included in the present study. The research protocol was approved by the institutional review board, and all patients provided written informed consent.
MSCT Scan Protocol and Data Acquisition
MSCT angiography was performed with a 64-slice scanner (SOMA-TOM Sensation Cardiac 64; Siemens Medical Solutions). When the heart rate was Ͼ60 beats/min, a ␤-blocker (metoprolol 20 -60 mg orally, propranolol 1-2 mg IV, or both) was administered before the scan. All patients received sublingual nitroglycerin just before the scanning. A bolus of contrast media (iopamidol 370 mg iodine/mL) was intravenously injected followed by 30 mL of normal saline. The start delay was automatically defined using bolus-tracking software equipped in the scanner. The region of interest (ROI) was placed within the ascending aorta, and the scan was started when the CT density levels reached 120 Hounsfield units (HU) over the baseline CT density.
The scan was performed between the tracheal bifurcation and diaphragm with the following parameters: collimation width, 64ϫ0.6 mm; rotation time, 330 ms; tube voltage, 120 kV; maximum effective tube current, 800 mA; table feed, 11.5 mm/rotation; and pitch, 0.2. Image reconstruction was retrospectively gated to an ECG, and the optimal cardiac phase showing the minimum motion artifact was individually determined. CT images were reconstructed with a smooth kernel (B25f), with a slice thickness of 0.75 mm (increment, 0.4 mm). CT data sets were transferred to an off-line workstation (Aquarius NetStation; TeraRecon Inc) for image analysis. The optimal display image setting was adjusted in each patient at a window between 600 and 900 HU and at a level between 40 and 250 HU.
Data Analysis of CT
Coronary plaques were identified based on cross-sectional images and multiplanar reconstruction images. Structures Ͼ2 mm 2 adjacent to the lumen that could be distinguished from the lumen and the surrounding pericardial tissue were defined as coronary plaques.
Plaque images were analyzed as previously described. 8 Briefly, calcifications were defined as structures with a CT density of Ն130 HU within the plaque. 10 The sizes of calcifications were measured, and spotty calcification was defined as Ͻ3 mm in size. 11 For each plaque, 3 cross-sectional slices around maximal luminal narrowing were evaluated. In each slice, 5 rounded ROIs of 0.2 mm 2 were randomly placed within the target plaque, and 1 ROI was placed in the center of the lumen. The lowest CT density values (in HU) of each ROI were measured and averaged. In cases of plaque with calcium deposition, ROIs were placed on the noncalcified area. To evaluate vascular remodeling, outer vessel area was manually traced at the site of maximal luminal narrowing and the reference segment without detectable plaque proximal and distal to the lesion by cross-sectional images ( Figure 2 ). Vessel remodeling was defined as follows: (1) positive remodeling (vessel area of the plaque site is larger than the proximal reference), (2) negative remodeling (vessel area at the site of plaque is smaller than the distal reference), or (3) intermediate remodeling (vessel area at the site of plaque is intermediate between proximal and distal reference). 12 In cases with diffuse plaque, plaque at the site of maximal luminal narrowing was analyzed, and the CT density value of the plaque was measured. In assessing vessel remodeling, the reference point was placed just distal or proximal to the site of a major branch.
CT images were analyzed by 2 independent observers. Observers were blinded to the results of the provocation test. In cases where observer readings differed, a consensus reading was performed and used in the final analysis. To assess intraobserver variability, image analysis was repeated at least 2 weeks later by a single reader.
Provocation Tests for Coronary Artery Spasm
All antianginal drugs except for sublingual nitroglycerin were withdrawn at least 48 hours before cardiac catheterization. CAG was performed by standard Judkins technique after intravenous administration of 3000 U of heparin. If diagnostic angiography did not show a significant stenosis (Ͼ75% diameter stenosis by visual estimate), incremental doses of intravenous ergonovine (200 and 400 g) were administered at Ϸ30 s every 3 minutes to provoke coronary spasm. First, right-side CAG was performed, followed by left-side CAG. Subsequently, intracoronary nitroglycerin was injected to relieve coronary artery spasm. Coronary artery spasm was defined as total or subtotal occlusion (visually Ͼ90% stenosis), compared with the relaxed state after nitroglycerin administration, associated with ischemic ECG change (a transient ST elevation of Ͼ0.1 mV or an ST depression of Ͻ0.1 mV in Ͼ2 contiguous leads) and concurrent chest pain, which is similar to a spontaneous attack. 13 The site of spasm was defined as the total or subtotal occlusion site or as the most severe and proximal narrowing site in the case of a diffuse spasm site. 14 Off-line quantitative CAG was performed after intracoronary nitroglycerin with the Cardiovascular Measurement System (Medical Imaging Systems). Reference diameter and minimal lumen diameter were measured from the view demonstrating the smallest lumen diameter at diastolic frames. To ensure matching of spasm sites on the MSCT image with the angiographic image site, side branches and ostia were used as landmarks. In all patients, the distance from landmarks to the spasm site was estimated visually to identify the corresponding site on the angiographic view along with curved multiplanar reconstruction images on MSCT ( Figure 3 ).
Statistical Analysis
Quantitative variables are described as meanϮSD. Discrete variables are presented as numbers and percentages. The t test was used to compare quantitative variables and 2 or Fisher exact tests were used for discrete variables. A receiver operating characteristic curve was generated to identify the optimal CT mean cutoff value to detect the plaque associated with coronary spasm. For plaque-level data, generalized estimating equation models were used to account for the correlation of multiple plaques within the same patient. Multivariable logistic regression was performed to identify potential predictors related to coronary spasm. Variables with PϽ0.05 in the univariate model were used in multivariable analysis. CT findings (noncalcified, intermediate attenuation, and negative remodeling), male sex, and smoking were included as covariates in the multivariable model. Categorical variables with Ͼ2 categories were replaced with appropriate binary indicators. Interobserver and intraobserver agreement was assessed by kappa test (categorical variables) and intraclass correlation coefficient (continuous variables). Statistical significance was defined as PϽ0.05. SPSS statistical software was used for the data analysis.
Results
Baseline patient characteristics are presented in Table 1 . Coronary spasm was provoked in 46 sites in 43 (22%) patients. Male sex and smoking were more common in the patients with coronary spasm. Spasm was provoked in the left anterior descending coronary artery in 20 patients, left circumflex coronary artery in 8, right coronary artery in 12, both the left anterior descending and left circumflex coronary arteries in 2, and both the left anterior descending and right coronary arteries in 1. Spasm was induced in 9 patients by infusion of 200 g ergonovine and in 34 patients by infusion of 400 g ergonovine. Although ventricular arrhythmia requiring cardioversion or defibrillation did not occur during CAG or provocation testing, transient complete atrioventricular block and low blood pressure requiring atropine was observed in 3 patients. On the other hand, no adverse clinical event related to MSCT examination was reported.
MSCT Findings
␤-blockers were used before CT examination in 123 (62%) patients (heart rate during scan, 63.5Ϯ10.6 beats/min). Mean estimated radiation exposure was 11.3 mSv. The interval between MSCT and provocative test was 11.7Ϯ9.3 days (range, 0 -30 days). A total of 296 plaques in 199 patients were identified (no plaque, 37 patients; single plaque, 82 patients; multiple plaques, 80 patients). All spasm sites had a coronary plaque. On the basis of the results of the provocation test, each plaque detected by MSCT was classified into spasm related (spasm group, 46 plaques) or nonspasm related (nonspasm group, 250 plaques). There was no significant difference in lesion location or angiographic stenosis severity between the 2 groups ( Table 2 ). MSCT findings of both groups are shown in Table 3 . Noncalcified plaques were more frequently observed in the spasm group. Moreover, plaques with spotty calcification were rarely observed (4%), and no large calcification was observed in the spasm group. Analysis of CT density value in noncalcified plaque was not possible in 126 of 296 (43%) plaques because of spillover of density from calcified into noncalcified plaque. However, spasm was not evoked in any of these plaques. As a result, CT density of the plaque, excluding calcium, was assessed in the remaining 170 plaques (91 plaques without calcium deposition, 79 plaques with small calcium deposition). Mean CT density value of plaque was higher in the spasm group (81.8Ϯ20.1 versus 64.5Ϯ29.9 HU, PϽ0.01), although there was no significant difference in mean CT density value of lumen between the 2 groups (400.1Ϯ69.9 versus 402.5Ϯ66.4 HU, Pϭ0.84). Receiver operating characteristic analysis provided the cutoff value of mean CT density of plaque (53.8 HU) for detecting plaque related to coronary spasm. Based on this CT density analysis, we classified the plaques into low attenuation (CT density value Ͻ53.8 HU), intermediate attenuation (CT density value Ն53.8 and Ͻ130 HU), or high attenuation (evaluation of CT density value of noncalcified area was not available because of high attenuation of calcification). Intermediate attenuation plaque was more common in the spasm group. Regarding vessel remodeling, negative remodeling was more frequently identified in the spasm group.
Prediction of Plaque Associated With Coronary Spasm
Multivariable analysis identified noncalcified, intermediate attenuation, negative remodeling, and male sex as predictors of the plaque associated with coronary spasm (Table 4 ). Because smoking was not a predictor (odds ratio, 1.5; 95% CI, 0.38-6; Pϭ0.56), it Data are presented as meanϮSD or n (%), unless otherwise indicated. BMI indicates body mass index; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglyceride; LVEF, left ventricular ejection fraction; ACE, angiotensin-converting enzyme; ARB, angiotensin II receptor blocker. (11) Data are presented as n (%), unless otherwise indicated. *P was calculated using generalized estimating equation models, accounting for the correlation of multiple plaques within the same patient.
was deleted from the model. Figure 4 shows a representative plaque image of MSCT associated with coronary spasm.
Interobserver and Intraobserver Variability
Interobserver and intraobserver agreements were good in the classification of plaque (ϭ0.90 and 0.92, respectively) and remodeling (ϭ0.83 and 0.85, respectively). The interobserver and intraobserver intraclass coefficient correlations for CT density value of plaque were 0.81 and 0.83, respectively.
Discussion
The main findings of the study are as follows: (1) Plaques were observed at all spasm sites by MSCT; (2) morphological features of the plaque detected at the spasm site were negative remodeling and noncalcified plaque with intermediate attenuation, and these features were predictors of coronary spasm; and (3) the male patient with CT-derived spasm-related plaque can be suspected as having epicardial coronary spastic angina pectoris.
Diagnosis of Epicardial Coronary Spastic Angina Pectoris
Although the precise mechanism of coronary artery spasm is still not fully understood, it has been suggested that endothelial dysfunction 15 and local vascular smooth muscle hyperactivity 16 play key roles in the development of coronary artery spasm. Attacks of coronary artery spasm usually can be suppressed or relieved by vasodilators, such as calcium channel blockers and nitrates. Although coronary spastic angina is intractable in some patients, under a stringent treatment regimen, the prognosis of patients with coronary artery spasm can be considered excellent. 17, 18 Accordingly, it is important to diagnose and manage coronary spasm appropriately when suspected.
Currently, CAG with provocation testing is the clinically available procedure used in diagnosing coronary spasm, yet it is invasive and may pose the risk of fatal accident because of induced severe spasm or arrhythmias; thus, a less invasive test is urgently needed. The present study demonstrates that MSCT may have the potential to identify patients with epicardial coronary spasm using surrogate indices of MSCT. To our knowledge, this study is the first to investigate plaque morphology at the site of coronary spasm by MSCT and the utility of MSCT to predict coronary spasm.
Characteristics of Causal Plaque for Coronary Artery Spasm
Previous pathological or intravascular imaging (intravenous ultrasound [IVUS], optical coherence tomography) studies have shown that morphological changes of the vessel wall, such as atherosclerosis and intimal hyperplasia, are observed at the sites of coronary spasm, even in the absence of angiographically significant coronary stenosis. 19 -25 In the present MSCT study, plaques were observed at all the sites with coronary spasm, although no coronary spasm occurred at the normal coronary segment in MSCT. Consistent with previous IVUS findings, 20 -24 the present data suggest that coronary spasm does not arise in the morphologically normal coronary segment on MSCT. NO activity may be deficient at the site with morphological change in the vessel wall and may lead to coronary spasm. In addition, inflammatory cytokines, such as IL-1␤, found in atherosclerotic lesions can induce coronary artery spasm. 26 The present MSCT study demonstrated that plaques at the site of spasm were characterized by intermediate attenuation without calcification. Consistent with our study, using IVUS, Hong et al 22 showed that noncalcified hypoechoic plaque was more frequently observed at the spasm site. Previous comparative studies with IVUS and MSCT showed that lowattenuation and intermediate-attenuation plaques without calcification plaque correspond to lipid-rich and fibrous plaque, respectively. 7 An optical coherence tomography study also demonstrated that coronary artery segments involved in coronary spasm are characterized by fibrous intimal thickening without lipid or calcium content. 25 On the assumption that plaque components can be classified by attenuation of CT density value, the present results confirm that plaques different from lipid-rich or calcium-laden coronary atherosclerosis may be related to coronary spasm. Inflammation involved in the pathogenesis of coronary spasm 27 and decreased endothelial NO activity in the spasm artery 28 may be underlying mechanisms for the morphological characteristics in spasm sites. In histological evaluation of coronary plaque with variant angina, Suzuki et al 19 showed that neointimal hyperplasia with infiltration of inflammatory cells was significantly common. In the animal model, inhibition of NO synthase led to vascular structural changes of media thickening and hyperreactivity to serotonin. 29 As to advanced atherosclerosis with lipid-rich plaque or severe calcification, we speculate that accumulation of lipid or calcium inside the vessel wall may act as a support against the force of coronary spasm.
Relationship of Negative Remodeling to Coronary Spasm
Previous IVUS studies also found a high incidence of negative remodeling at the site of coronary spasm, 23 which agrees with the present CT observation that negative remodeling is more common in coronary spasm sites. Several explanations for the association between coronary spasm and negative remodeling can be speculated. First, there is a deficiency in endothelial NO activity in spasm arteries. 28 Endothelium-derived NO regulates local vasomotor tone, and deficiency of NO activity in the spasm artery can lead to negative vessel remodeling. Another possibility is that repeated spasm episodes provoking vascular injury similar to CAG may cause negative remodeling of the culprit artery. As mentioned previously, pathological studies have demonstrated coronary spasm sites resembling a restenosis lesion after CAG, 19 where negative remodeling is an important finding. 30
Sex as a Clinical Predictor for Coronary Spasm
In Japan as well as in western countries, epicardial coronary spastic angina pectoris is more prevalent among men, 2,31 which may be related to the protective effects of estrogen for women on dilator responses in coronary arteries. Williams et al 32 showed that estrogen replacement therapy improves response to acetylcholine in coronary arteries of estrogen-deficient monkeys. In multivariable analysis, male sex was the predictor for coronary spasm.
Composite Predictor for Epicardial Coronary Spastic Angina Pectoris
The data clarify the morphological appearance at the site of coronary spasm and identify noncalcified, intermediate attenuation; negative remodeling plaque; and male sex as predictors of plaque associated with coronary artery spasm. For male patients having plaque with these CT features, medication for prevention of coronary spasm, provocation testing, or both should be considered for prevention of future fatal cardiac events. The results make us recognize the importance and utility of assessing not only the degree of stenosis, but also the characteristics and morphology of the plaque with MSCT.
Limitations
There are several limitations of this study. First, it was a retrospective observational study, and thus, selection bias exists. Prospective diagnostic evaluation is needed in which clinically suspected cases are sequentially enrolled and all subjected to both MSCT and provocation testing. Second, partial volume effect by luminal contrast enhancement and intraplaque calcification affects the CT density value of plaque. 33 Third, the component and volume of plaques can change in the short term, especially in an acute lesion such as an acute coronary syndrome culprit. However, all the patients in the present study were clinically stable, and MSCT was performed within 1 month before CAG; thus, plaque contents would not have changed extensively during the period between MSCT and provocation testing. Fourth, the complete matching of spasm sites on angiography with the exact position on MSCT is difficult. We therefore compared MSCT angiographic views with multiple views of invasive coronary angiograms to match the spastic site as accurately as possible. Three-dimensional reconstruction of the angiographic views may possibly improve accuracy in identifying the correct site on MSCT. Finally, even if coronary spasm was not provoked by the maximal dose of ergonovine, we cannot completely rule out coronary spasm.
Conclusions
MSCT can detect differences in individual plaque composition and morphology among atherosclerotic plaques without significant luminal narrowing in areas of inducible vasospasm compared to areas without vasospasm.
